A modular and efficient Gaussian beam (GB) analysis method, incorporating frame-based Gabor transformation, GB reflection, and a 3D GB diffraction technique, was developed to analyze both the reflectors and frequency selective surface (FSS) in quasioptical (QO) system. To validate this analysis method, a 3D dual-channel QO system operating at 183 and 325 GHz was designed and tested. The proposed QO system employs two-layer structure with a FSS of perforated hexagonal array transmitting the 325 GHz signal on the top layer while diverting the 183 GHz signal to the bottom layer. Measured results of the system demonstrate that the agreement can be achieved down to −30 dB signal level for both channels in the far field pattern. The discrepancy between the calculation and measurement is within 2 dB in the main beam region (2.5 times −3 dB beamwidth), verifying the effectiveness and accuracy of the proposed method.
Introduction
Quasi-optical network (QON) system normally consists of several feed horns and cascaded mirrors or other signalconditioning components. A QON transmits electromagnetic waves in free space, bearing advantages of multichannel, multipolarization with low path loss and good compatibility. Due to these benefits, QON is widely utilized in millimeter and submillimeter wave remote sensing and radioastronomy applications [1] . Many missions have been or are being developed, such as the five frequencies' band MASTER limb sounding instrument [2] , the three bands' MARSCHALS simulator [3] , the Herschel and Planck space telescopes [4] [5] [6] , the ALMA front-end system [7, 8] , and the underway Chinese FY-4 meteorological satellite whose working frequencies are 54, 118, 183, 380, and 425 GHz [9] .
There are two trends for the development of QON systems. One is that more and more channels are to be squeezed into a single instrument, imposing a big challenge to the design process. Unfortunately, most of the current designs are in a 2D configuration, where the optical centers of the elements are all in the same plane. In a payload of limited space, a 3D QON can significantly increase the compactness. The other trend is that the operating frequency goes up to the terahertz band, where the dimension of the elements is in the order of hundreds and even thousands of wavelengths. For these electrically large systems, Physical Optics (PO) method produces very accurate prediction on the electrical performance of a QON system, while suffering from heavy computational cost. In comparison, Geometrical Optics (GO) method is not capable of analyzing caustic region where all the rays converge together. Therefore, efficient and accurate algorithms are required for the analysis of electrically large 3D QON. Besides this, an increasing number of quasi-optical components, such as frequency selective surfaces (FSSs) and polarizing grids, are integrated into a QON system, demanding that the algorithm must be highly modular and able to interface with other computational methods. A fast method, namely, diffracted Gaussian beam analysis (DGBA) , was developed to analyze QON system by taking the edge diffraction into account [10] . The modular nature of this method makes it easily interface with Periodic [11] . However, this method cannot be regarded as a rigorous 3D diffraction solution due to its 2D modeling nature. Recently, another modular Gaussian beam analysis method based on 3D diffraction technique is proposed in [12] and this method can also be integrated with FSS analysis in the same manner of DGBA.
In this paper, a dual-channel 3D QON system is designed, fabricated, and tested. The two channels are the atmospheric sounding frequencies at 183 GHz and 325 GHz, both working at water vapor absorption line. This QON system can serve as a prototype of 3D structure for a Chinese meteorological satellite radiometer.
The rest of the paper is organized as follows: Section 2 gives a brief introduction to the modular Gaussian beam analysis method based on 3D diffraction technique integrated with FSS simulation; Section 3 presents the design of the QON system and the key components; the experimental validation of the proposed GB analysis method is shown in Section 4.
Gaussian Beam Analysis Method
A modular Gaussian beam analysis method based on 3D diffraction technique has been proposed in [12] to analyze the reflector-based antenna systems, which consists of framebased Gabor transformation, GB reflection, and a 3D GB diffraction technique developed to handle the scattering from the reflector edge. In the analysis of reflectors, the field radiated from the feed horn or previous reflector can be expanded into a set of sub-GBs via frame-based Gabor transformation and then these individual GBs are traced into the reflector where reflection or diffraction occurs. The total radiation field, either near field or far field, can be evaluated by the summation of all the sub-GBs. Figure 1 illustrates the frame-based Gabor transformation in the analysis of an offset reflector. The expansion plane is chosen at a certain distance away from the feed horn and the tangential field on the plane can be represented by summation of sub-GBs, as defined in the following [10] :
where 0 , 0 are the angular and space sampling intervals, respectively, with 0 0 < 2 for frame-based Gabor transformation [13] . In this work, 0 0 = is selected.
, , ,] is the frame-based Gabor transform coefficient for individual sub-GB and , , , ] represent the discrete sampling position in four-dimension phase-space lattice, where − /2 ≤ | |, | | ≤ /2 and − /2 ≤ | |,|V| ≤ /2. , correspond to the contributing spatial terms and spectral terms per dimension, respectively. The number of spectral terms should be power of 2 in order to employ Fast Fourier Transform (FFT) process to evaluate the coefficients , , ,] [10] . In (1), , , ,] defines a circular GB which emerges from [ − 0 , − 0 , 0] on expansion plane ( = 0) and propagates
0 is the wave number in free space. The radiated GB can be written as a general GB in the form of complex ray [14] :
where ≡ [ ] defined in the beam-related coordinatê̂̂.
( ) is the complex phase matrix given by
1 , 2 are related to the beam waists of the expanded GB with = 0 2 0 /2 on two orthogonal planes. In the expansion process, 1 2 are equal to each other with the same beam radius 0 :
When the sub-GBs are traced into the reflector, reflection and diffraction are then evaluated. In [15] , a closed form of 3D GB incident on a curved surface is derived for both reflection and diffraction. The diffraction solution is extended in [12] to handle more general cases when the edge plane is not lying along the principal direction of the surface, making the solution capable of analyzing offset reflectors. Illustration of 3D GB incident on a curved surface is depicted in Figure 2 , wherê̂̂,̂1̂1̂1, and̂̂̂are denoted as the incident, edge, and principal coordinates, respectively. The edge coordinate has a rotation angle with the principal axis and the edge is lying at̂1 coordinate systems coincide with each other for convenience. For reflection, the position of the edge plane goes to infinity. The analytic expression for the curved surface is given by
where 1 and 2 are the curvature radii in principal coordinates. Based on Fresnel approximation of current integrals over the curved surface, the scattered field in Fresnel zone can be approximated as [15] ( , , ) = − 2
−
[ 00 00 + 10 10 + 01 01 ] . (6) 00 , 01 , 10 and 00 , 10 , 01 could be found in [15] . Equation (6) is the general expression involving both reflection and diffraction. As for reflection, if the spot size of an incident GB on the surface, defined as the diameter at which the beam intensity has fallen to 1/ 2 , is much smaller than the curvature radii of the surface, the reflected field could be approximated as another GB; otherwise, the general formula should be used. The coordinate transformation is employed to extend the diffraction solution to practical cases and the detailed procedure is given in [12] . Importantly, the Gaussian beam method proposed in [12] has been extended to analyze the quasi-optical system containing FSS components. A QON system including a feed horn, a FSS, and two reflectors is depicted in Figure 3 .
To analyze the FSS, one may expand the input field in front of the FSS into angular spectrum components via plane wave expansion, as shown in [11] . Reflected or transmitted spectrum components are computed by multiplying the coefficients with the corresponding plane wave. The reflected or transmitted spectrum distribution can be calculated by superposing all the plane wave components and the reflected or transmitted field on the output plane is obtained via an inversed FFT process on the spectrum distribution. In practice, the beam waists of the expanded sub-GB are in the order of several wavelengths, which is much larger than the dimension of the unit cell of the FSS. Therefore, the expanded sub-GB can be locally considered as a plane wave. Alternatively, the sub-GB coefficients are directly weighted by the reflection and transmission coefficients of the FSS and the field on the output plane can then be calculated by superposing all the reflected or transmitted sub-GBs, without the need of inversed FFT process. In addition, the attraction of the sub-GBs technique is that the number of beams needed to trace could be reduced in contrast to the number of rays in plane wave expansion [16, 17] , which could improve the algorithm efficiency.
A single sub-GB passing through a FSS structure is shown in Figure 4 , wherê̂̂is the FSS coordinate witĥnormal to the surface and̂is the direction of the sub-GB with incident angles of { 0 , 0 }. The incident sub-GB is given by
, , ,] and , , ,] are the Gabor transformation coefficients along thê̂, respectively.
The vertical (TE) and horizontal (TM) directions of incident plane wave component are defined bŷ
Thus, the expansion coefficients can be projected onto the vertical and horizontal directions:
Writing in a transmission matrix way, the vertical and horizontal components for the transmitted sub-GB can be written as
11 , 12 , 21 , and 22 are the transmission coefficients of a TE wave into a TE wave, a TM wave into a TE wave, a TE wave into a TM wave, and a TM wave into a TM wave, respectively. Similarly, the vertical and horizontal polarization components of the reflected sub-GB are calculated by
11 , 12 , 21 , and 22 are the reflection coefficients. The TE and TM transmission and reflection coefficients of the FSS, which might be computed numerically via PMM method [11] or calculated in CST microwave studio software, are stored in a tabulated form. Since the sub-GBs may propagate along any direction (related to angular spectra and V), interpolation can be performed to compute the coefficients for the given angle of incidence { 0 , 0 }. Once the horizontal and vertical polarization components of the sub-GB are obtained, the transmitted or reflected output field can be calculated via superposition of all the sub-GBs. At this phase, frame-based Gabor transformation can be employed again to expand the output field into a series of sub-GBs and these beams are then traced to the next reflector, which makes the analysis procedure highly modular.
In summary, the simulation process of the overall system is as follows:
(a) In analysis of Mirror 1, the field radiated from the horn on the input plane is expanded into a set of sub-GBs via frame-based Gabor transformation and then these individual GBs are traced into the reflector. The analytic expressions of reflection or diffraction of a GB incident on the reflector developed in [12] are utilized to compute the field on the output plane, which is chosen in front of the FSS along the beam propagation direction. (b) To include the FSS, the output field of Mirror 1 servers as the input field of the FSS. Therefore, frame-based Gabor transformation is employed again to compute the coefficients of the sub-GBs. The reflected or transmitted sub-GB coefficients are directly weighted by the reflection or transmission coefficients of the FSS, depending on the system design. For instance, the transmitted field on output plane after the FSS in Figure 3 is calculated via summation of all the subGBs. (c) To compute the output field of Mirror 2, the field on output plane given by step 2 is used as the input field. At this phase, analysis of the output field for Mirror 2 is quite similar to the process of Mirror 1.
System Design

Design of Optical Layout.
The layout design of the QON system is to use a series of quasi-optical components to transform the GB radiated from the feed horn to a desired one in a limited space. Ellipsoidal reflectors are often used for beam forming in the QON system. The geometrical structure of the ellipsoidal surface is depicted in Figure 5 where and are the distances from the foci. The subtended angle by the incident and outgoing rays is . The ellipsoidal reflector can be regarded as a thin lens with effective focus length as :
The phase error across the surface can be avoided if the input beam has the radius of curvature in = and the output beam has the radius of curvature out = [18] . The diameter of reflector is which is selected larger than twice of the spot size of the beam on the surface to avoid significant energy loss. The first consideration for system layout design is the beam incident angle. When the fundamental GB mode is incident upon an offset reflector, most of the energy reflected from the surface remains in the fundamental GB mode. However, a few higher modes are generated introducing an amplitude distortion, which is related to the incident angle. The distortion parameter is defined as [18] 
where is the beam radius at the mirror while is the incident angle. It is seen that the smaller the incident angle, the less the distortion. Nevertheless, a small incident angle may bring blockage in the QON system. Therefore, a trade-off has to be taken. In this design, an incident angle of 30 degrees is chosen as a trade-off scheme.
The second factor to be considered is frequency separation scheme. Since there are only two channels in our system, one can choose to transmit the 183 GHz signal and reflect the 325 GHz signal and vice versa, depending on the property of the FSS. The FSS in this system has better transmission performance at 325 GHz than that at 183 GHz under 30-degree incident. Therefore, the 325 GHz channel is designed to be transmitted while the 183 GHz channel is reflected.
The last but most important factor is the 3D quasioptical layout design. The design of 3D quasi-optical system requires guiding the signal into 3D to make the most of the limited space. For the two-channel system, one can use planar or curved mirrors to redirect the signal, which, however, would possibly bring in more quasi-optical components and complicate the design. In this design, the FSS is utilized as the redirecting component, diverting the incident beam of 183 GHz to the perpendicular plane. A resultant two-layer structure employed for the 3D QON system is depicted in Figure 6 . Both channels share the same M2 mirror to receive the signal from the antenna and the 325 GHz signal is transmitted through the FSS on the top layer while the 183 GHz signal is directed to the bottom layer.
Design of Frequency Selective Surface.
In this QON system, the FSS is used as a high-pass filter, which transmits the 325 GHz signal and reflects the 183 GHz signal. The expected loss is no more than 1 dB in this system. Bandwidth is another concern particularly for 325 GHz channel. A multilayer FSS provides an increased bandwidth while it increases the manufacture cost as well. Furthermore, multilayer structure brings difficulty in system manufacture at submillimeter wave band. To make a trade-off, a perforated single layer planar FSS [19] is designed and fabricated. The FSS consists of slottype hexagon arrays and the unit element geometry; the FSS is shown in Figure 7 . The parameters are = 0.22 mm, = 0.78 mm. The manufactured dimension of the FSS is 40 mm by 40 mm with the thickness of 0.25 mm.
The FSS is simulated and optimized in CST microwave studio software. The material of FSS is set to be steel and the incident angle is chosen to be 30 degrees. The simulated and measured performance of FSS are demonstrated in Figure 8 . In the picture, the black dotted line is the simulated reflection characteristics while the blue dashed line and red solid line correspond to the simulated and measured transmission loss, respectively. The measurement is only carried out for the transmission characteristics from 220 GHz to 340 GHz due to lack of instruments. It can be seen that there is a 30 dB transmitted loss at 183 GHz in the simulation, indicating a small reflection loss in this channel. Good agreement can be found between the simulated and measured transmission results in the measured frequencies. The insertion loss at 325 GHz is our major concern and is required to be less than 1 dB in the system. An insertion loss of 0.56 dB can be observed for simulation while it is 0.67 dB in the measurement at 325 GHz, which satisfies the system requirement. The bandwidth of FSS at 325 GHz can achieve about 4 GHz (from 322 GHz to 326 GHz) within the 1 dB insertion loss, which is satisfactory in this design. radiation pattern over a wide spectral bandwidth. The radiation pattern of the feed is required to be like a fundamental Gaussian beam as much as possible. Traditionally, the horns are designed to couple TE 10 mode from rectangular waveguide into HE 11 mode on the aperture which has about 98% efficiency to the fundamental Gaussian mode. However, in [20] , HE 12 mode is deliberately added into HE 11 mode and brought in phase on the aperture via a straight section of the corrugated guide, which improves the purity of fundamental Gaussian mode to be 99.8%. The design methodology is utilized in this work to design two corrugated horns with center frequency of 183 GHz and 325 GHz, respectively. The predicted far field patterns and prototypes of the corrugated horns are shown in Figures 9 and 10 . The 183 GHz feed horn is designed to have −16 dB taper at the angle of 15 degrees while the 325 GHz feed horn has −15 dB taper at 15 degrees. Figure 11 shows a photograph of the two-channel 3D QuasiOptical Test Bench fixed in a space of 330 mm by 220 mm by 229 mm. As shown in Figure 11 , the lateral space is greatly saved. The height of the system is intentionally enlarged for testing convenience, which, however, can be further optimized. H-183 and H-325 are the two corrugated horns used to generate the desired Gaussian beams as the sources in measurement. M1-183, M1-325, and M2 are three ellipsoidal reflectors used to transform the Gaussian beams from the feed horns. The RMS surface tolerance of the mirrors is less than 5 microns, which meets the surface accuracy requirement at 325 GHz. During the measurement, the 325 GHz signal generated from corrugated horn H-325 is reflected by M1-325 mirror and transmitted through the FSS into the M2 reflector on the top layer. The 183 GHz channel is a little complicated where the radiated signal from H-183 is reflected from M1-183 reflector on the bottom layer and passes through the rectangular hole into the FSS on the top layer. The FSS then reflects the 183 GHz signal into the M2 mirror. As shown in the picture, the FSS combines both channels' signal to share the same reflector M2. The 183 GHz and 325 GHz signals are produced by submillimeter frequency multipliers from a 26.5 GHz millimeter wave vector network analyzer. Both feed horns are operating in vertical polarization.
Design of Corrugated
Manufacture and Testing
The analysis of the QON has been conducted by using the aforementioned algorithm. Near field measurement is performed to verify the system design. The measured plane is chosen 150 mm in front of the M2 mirror. Both the 183 GHz and 325 GHz channels are only measured for the copolarized component at their center frequencies. The dimension of the scanning plane for 183 GHz is 96 mm by 96 mm while it is 66 mm by 66 mm for 325 GHz path. Measured near field amplitude and phase distributions of 183 GHz and 325 GHz are shown in Figures 12 and 13 , respectively. The beam coupling coefficients [21] , defined as the integral of the complex conjugate of the ideal Gaussian beam ideal and the measured beam mea , as represented by (14) , are found to be 97.24% and 98.88% for 183 GHz channel and 325 GHz channel, respectively. The electric field distribution of the ideal Gaussian beam is a circular GB and can be calculated via the ABCD matrix describing a Gaussian beam propagation from the feed to the measured plane. Consider
Figures 14 and 15 present the calculated and simulated far field results and the field difference at 183 GHz on two orthogonal cuts. The calculated far field results are obtained via performing a FFT process on the measured near field data. It can be seen that there are some deviations between the calculated and simulated far field patterns below −30 dB, which is, however, less significant in practical applications. On the vertical cut, a ±1.25 dB filed deviation can be observed within 15 degrees, corresponding to −30 dB field level while a slightly larger difference on the horizontal cut is observed. Comparisons between the calculated and simulated far field results of the 325 GHz channel are depicted in Figures 16 and  17 . From the results, the agreements in the main beam are good within 10 degrees of the radiation patterns, which is also corresponding to −30 dB field level. The field differences are also demonstrated, showing ±2 dB deviations on horizontal cut and ±1 dB for the vertical plane. It can be concluded that the deviations on the horizontal planes are slightly larger than that on the vertical planes for both channels. This can be attributed to the assembly error of the system on the asymmetrical plane. Furthermore, manufactured surface accuracy of the FSS is very critical at such high frequency and a minor distortion might result in a small field deviation. However, the agreements between simulations and measurements are still on a reasonable level for prototype verifications.
Conclusion
A 3D dual-channel QO system operating at 183 GHz and 325 GHz is designed, fabricated, and measured in this paper, in order to validate a modular Gaussian beam method for electrically large 3D QON system. The QO system has a two-layer structure, which is size-economical and makes the overall enclosure compact. The slot-type FSS with hexagonal lattice transmits the 325 GHz signal on the top layer while it redirects the 183 GHz signal into the bottom layer. Simulated and measured transmission characteristic of the FSS are presented and the insertion loss is less than 0.7 dB at 325 GHz, meeting the system requirement. Two hybrid modes' corrugated horns are also designed and fabricated to serve as the feeds. Measured results conducted via near field probing demonstrate a good agreement down below −30 dB with predicted ones within the main beam of the far field pattern. Therefore, the proposed method can be utilized to analyze the full 3D QON system as a whole.
